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Competition and geography underlie speciation and morphological evolution in IndoAustralasian monitor lizards
Abstract
How biotic and abiotic factors act together to shape biological diversity is a major question in
evolutionary biology. The recent availability of large datasets and development of new
methodological approaches provide new tools to evaluate the predicted effects of ecological
interactions and geography on lineage diversification and phenotypic evolution. Here, we use a near
complete phylogenomic-scale phylogeny and a comprehensive morphological dataset comprising
more than a thousand specimens to assess the role of biotic and abiotic processes in the diversification
of monitor lizards (Varanidae). This charismatic group of lizards shows striking variation in species
richness among its clades and multiple instances of endemic radiation in Indo-Australasia (i.e., the
Indo-Australian Archipelago and Australia), one of Earth‘s most biogeographically complex regions.
We found heterogeneity in diversification dynamics across the family. Idiosyncratic biotic and
geographic conditions appear to have driven diversification and morphological evolution in three
endemic Indo-Australasian radiations. Furthermore, incumbency effects partially explain patterns in
the biotic exchange between Australia and New Guinea. Our results offer insight into the dynamic
history of Indo-Australasia, the evolutionary significance of competition, and the long-term
consequences of incumbency effects.

Keywords: Biogeography, ecological interactions, incumbency, morphology, Varanidae, Varanus
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Abiotic and biotic factors act together to shape biodiversity. The evolutionary significance of abiotic
factors such as climate change, tectonics, and mountain uplift in lineage and phenotypic
diversification is well established (Badgley et al. 2017; Hoorn et al. 2018; Esquerré et al. 2019;
Covreur et al. 2021). Ecological interactions, and particularly interspecific competition, are also
thought to drive many key evolutionary processes, such as adaptive radiation and clade replacement
(Stanley 1973; Stroud and Losos 2016; Harmon et al. 2019; Hembry and Weber 2020). However,
evaluating the evolutionary significance of competition at deep time scales has been particularly
challenging (Schenk et al. 2013; Harmon et al. 2019). Recently developed theoretical and
methodological frameworks explicitly incorporate proxies for competition into models of lineage and
phenotypic diversification (e.g., Etienne et al. 2012; Drury et al. 2016; Brennan et al. 2021). Lineage
diversity, biogeography, and morphology are commonly employed, assuming that competition
requires sympatry and increases with lineage density and morphological similarity. These approaches
have been used to gain insight into the relevance of ecological interactions for lineage diversification
and phenotypic evolution in insular and continental radiations (e.g., Valente et al. 2015; Drury et al.
2016, 2018; Skeels and Cardillo 2019a; Brennan et al. 2021).
Another approach to investigate the relevance of competition in diversification dynamics is the study
of incumbency effects. Incumbency effects are the advantages a lineage gains by being present in an
area earlier than ecologically similar taxa (Alroy 1996; Rowsey et al. 2019). Several predictions can
be made about the ecological and evolutionary outcomes of incumbency, including lower
diversification rates in secondary colonizers (hereafter ―immigrants‖) due to reduced ecological
opportunity and morphological disparity between incumbents and immigrants due to biotic filtering
(Gillespie 2004). Incumbency effects have been thoroughly documented in the ecological timescale
(Shulman et al. 1983; Drake 1991; Fukami et al. 2007; Fukami 2015), but there is mixed support for
the relevance of these effects over evolutionary timescales (Schenk et al. 2013; Rowsey et al. 2018,
2019).
4
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Indo-Australasia is one of the most geologically complex and biodiverse regions of Earth (Myers et
al. 2000; Lohman et al. 2011), making it a suitable location to study the interplay between geography
and competition in evolutionary dynamics. This region includes Australia and the more than 20,000
islands that separate it from mainland Asia (Lohman et al. 2011). Beginning in the Eocene, the history
of Indo-Australasia has been marked by extensive island formation as a result of the northern
subduction of the Australian plate as it approached Asia (Hall 2002). This paved the ground for the
biotic interchange between mainland Asia and Australia, and also provided opportunity for in-situ
radiation in the Indo-Australian Archipelago (Lohman et al. 2011; Moyle et al. 2016; Andersen et al.
2018). In the Quaternary, sea level fluctuations, environmental change, and mountain uplift shaped
biogeographic patterns at a finer scale (Lohman et al. 2011; Brown et al. 2013; Byrne et al. 2008,
2011). Within the conditions laid by this geographic context, competition also seems to have
influenced speciation, morphological evolution, and community assembly (Rowsey et al. 2018, 2019;
Skeels and Cardillo 2019a; Brennan et al. 2021; Skeels et al. 2021).
In this study, we use phylogenetic, biogeographic, and morphological data to characterize the
diversification history and morphological evolution of monitor lizards, highlighting the influence of
competition and geography in the evolution of Indo-Australasian lineages. Monitor lizards constitute
the family Varanidae, a group of around 80 species—all in the genus Varanus—distributed in Africa,
southern Asia, numerous Pacific islands, and Australia (Pianka and King 2004; Brennan et al. 2021).
Species richness is phylogenetically and geographically heterogeneous in Varanidae. For example,
Africa has only five monitor species, the comparatively tiny Philippine archipelago 10 species, and
Australia over 30 species. Major biogeographic regions are occupied primarily by endemic radiations
of closely related taxa, with few instances of secondary colonization by species from other clades
(Fig. 1). These endemic radiations vary in their age, species richness, biogeographic context (insular
or continental), and phenotypic diversity, providing a unique opportunity to comparatively study
diversification dynamics in closely related species with a similar biology. Three Indo-Australasian
5
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clades are specially diverse, concentrating more than 80% of varanid diversity. These radiations are
mainly distributed in Australia, Malesia, and New Guinea, respectively.
Despite the fact that Australia and New Guinea have been intermittently connected throughout the
Pleistocene (Voris 2000), there has been limited interchange of taxa between the varanid radiations
occurring on each of these landmasses. Presently, only three species of a mainly New Guinean clade
inhabit Australia (V. chlorostigma, V. doreanus, and V. keithhornei), and the same number of species
from a primarily Australian clade are present in New Guinea (V. panoptes, V. salvadorii, and V.
scalaris). All six species represent recent independent colonization events. This suggests that the
earlier presence of varanids in each of the two regions could be preventing the establishment and
diversification of secondary colonizers.
Here, we analyze the most complete comparative dataset of monitor lizards assembled to date using
recently developed methods to characterize their lineage and phenotypic diversification dynamics.
Our data consist of a phylogeny based primarily on a large multi-locus alignment (Brennan et al.
2021), linear morphometric data for body size and body shape, and two-dimensional geometric
morphometric data for head shape. Specifically, we ask: 1) Is the higher diversity of the IndoAustralasian radiations associated with higher rates of speciation and morphological evolution? 2)
Has species diversity and morphological disparity accumulated in each of these clades in a way that is
consistent with their biotic and/or geographic context? 3) Does the biotic exchange between Australia
and New Guinea show signs of incumbency effects? Our results offer insight into the biogeography of
the Indo-Australasian region, the long-term consequences of ecological interactions, and the
importance of incumbency effects in the shaping of diversity and the geographic sorting of
morphological variation.

Materials and Methods
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Taxonomic background
There are approximately 80 extant varanid species classified in one genus (Varanus) and 11
subgenera (Bucklitsch et al. 2016; Brennan et al. 2021) (Fig. 1). Uncertainty exists around the
taxonomy of several nominal species of the mainly New Guinean Euprepiosaurus and Hapturosaurus
subgenera and mainly Australian Odatria. This required us to make decisions on what we are treating
as species for the purposes of this study, in order to fit the assumptions of the comparative methods
we used. These decisions are reflected in our assessment of a Varanidae that comprises 81 extant
species. Additional details are found in the Supporting Information.

Phylogenetics
We used the time-calibrated phylogeny of Brennan et al. (2021) which is based on exons obtained
through anchored hybrid enrichment (Lemmon et al. 2012) as our backbone phylogeny. This tree
includes over 70% of varanid diversity, but importantly excludes numerous Indo-Australasian taxa for
which molecular data are available. Thus, we added tips based on previous studies or our own
analyses of publicly available molecular data (Table S1). We based the phylogenetic position and
divergence dates of Lanthanotus borneensis, V. dumerilii, and V. nebulosus on another recently
published multi-locus phylogeny (Lin and Wiens 2017). The most complete phylogenies of the
Euprepiosaurus and Hapturosaurus subgenera and the salvator complex in the Soterosaurus
subgenus have been published independently from each other and some of the relationships and/or
divergence dates are in conflict with those of Brennan et al. (2021). Thus, we estimated a timecalibrated phylogeny for each of these subgenera using available molecular data and based our dating
on the phylogeny of Brennan et al. (2021), subsequently binding the trees to our backbone phylogeny.
7
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Our final tree included 76 tips: 72 currently recognized varanid species, two lineages that likely
represent unacknowledged species-level diversity (V. a. insulanicus and V. sp. Solomon Islands), and
two outgroups (Shinisaurus crocodilurus and L. borneensis) (Figs. 1, S1). Additional details about
how the phylogeny was estimated are found in the Supporting Information.

Morphological data
Body size is one of the most ecologically and evolutionarily important phenotypic characters,
significantly impacting a variety of other biological traits (Thompson 1917; Kingsolver and Pfennig
2004). In varanids, body shape and head shape show strong phylogenetic signal, but ecology also
seems to be an important driver of their evolution (Thompson and Whiters 1997; Pepin 2001;
Thompson et al. 2009; Collar et al. 2011; Openshaw and Keogh 2014; Openshaw et al. 2014). Thus,
one of us (first author) recorded body size (as snout-vent length), 13 external measurements
describing body shape variation, and obtained photographs of the head in dorsal and lateral view for
geometric morphometrics (Tables S2–S5). Our sampling included all the species recognized in this
study (see Supporting Information), except for V. bitatawa, V. mabitang, and V. semotus. However,
we were able to obtain linear morphometric data and head photographs for these species from the
literature (Gaulke and Curio 2001; Gaulke 2010; Welton et al. 2010; Weijola et al. 2016), except for
dorsal photographs of V. mabitang, which was excluded from the analyses of head shape in dorsal
view.
We analyzed body size separately from other characters using maximum snout-vent length (SVL) as a
proxy (Stamps and Andrews 1992), which was obtained either from the literature or our own
specimen examination when it resulted in new maximum SVL records (Table S2). For the remaining
linear traits, we corrected for body-size using log-shape ratios, calculating size as the geometric mean
of all the measurements, dividing each trait by size, and log-transforming the resulting ratios
8
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(Mosimann, 1970). We characterized dorsal and lateral head shape using landmark-based, twodimensional geometric morphometrics (Fig. S2). We performed a generalized Procrustes analysis
(GPA) to remove the effects of size, location, and orientation (Gower 1975), taking bilateral
symmetry into account for the dorsal view and using the symmetric component of shape in subsequent
analyses. More details on the processing of morphological data are found in the Supporting
Information.
In summary, we obtained four morphological datasets: SVL, corresponding to log transformed
maximum SVL (based on examined specimens and the literature); body, corresponding to the logshape ratios of 13 linear morphometric characters, excluding SVL (total specimens (n) = 1,041; mean
sample size per species ( ) = 12.85); dorsal-head, corresponding to the aligned Procrustes coordinates
of the head in dorsal view (n = 1,022;

= 12.78); and lateral-head, corresponding to the aligned

Procrustes coordinates of the head in lateral view (n = 1,090;

= 13.46). Except for maximum SVL,

we used the species means of each trait in all downstream analyses.

Biogeography
Based on our phylogeny, we divided Varanidae into eight major geography-concordant clades
(included subgenera/species in parentheses): Afro-Arabian (Polydaedalus and Psammosaurus),
Australian (Odatria, Papusaurus, and Varanus), Malesian (Soterosaurus, except for V. rudicollis),
Malay (V. rudicollis), Melanesian (Solomonsaurus), Oriental (Empagusia), Papuan (Euprepiosaurus
and Hapturosaurus), and Philippine (Philippinosaurus) (Fig. 1). We reconstructed the biogeographic
history of monitor lizards for downstream analyses using maximum likelihood in the ‗BioGeoBEARS
1.1.2‘ (Matzke 2013) R package. We classified the range of monitor lizards into discrete areas
primarily based on the zoogeographic realms of Holt et al. (2013) (Fig. S3). Additional details and the
results of this analysis are presented in the Supporting Information.
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Diversification of Indo-Australasian radiations
To gain insight into how different ecological and biogeographic settings drive diversification we
compared the three most speciose varanid radiations, all of which occur in Indo-Australasia: the
Australian, Malesian, and Papuan clades. These radiations vary in their richness (31, 11, and 24
species, respectively), crown age (~21 Ma, ~2 Ma, and ~13 Ma), and biogeographic context (mainly
continental, mainly insular, and a large central island with smaller satellite islands).
First, we tested whether the high diversity of the Australian, Malesian, and Papuan clades is
associated with accelerated speciation rates. We estimated branch-specific rates in ClaDS (Maliet et
al. 2019), a Bayesian approach that relies on a model where shifts in diversification rates occur at each
cladogenetic event (Maliet et al. 2019). Using ‗RPANDA 1.7‘ (Morlon et al. 2016), we fitted the
ClaDS2 model, which assumes varying extinction rates and constant turnover. We accounted for
incomplete taxon sampling, ran three chains for 200,000 generations with a thinning of 1,000, and
extracted the maximum a posteriori probability estimate of parameters. To detect clade-specific shifts
in speciation rates without having to specify hypotheses a priori we used the ―search.shift‖ function of
‗RRphylo 2.4.7‘ (Castiglione et al. 2018). This function takes branch-specific rates and computes the
difference between the mean rates of all clades of a given size (four in our case) and the rest of the
tree. Clade-specific differences are then compared to a null distribution of rate differences obtained
through the randomization of branch rates. Probability values (p) > 0.975 indicate significantly higher
rates at the 0.05 significance level, while p < 0.025 indicates rates are significantly lower. The clade
with the largest difference with the rest of the tree is selected from each set of nested clades with
significant differences. Additionally, we used the same function to compare background rates to those
of Indo-Australasian clades. When clades are specified, ―search.shift‖ compares the mean rates of
each individual clade of interest with background rates, excluding the other clades for which shifts are
10
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being evaluated. It also tests for differences between background rates and all the clades of interest
taken together, considering that they evolve under a single rate (Castiglione et al. 2018).
We characterized the tempo and mode of diversification of each endemic radiation to evaluate
whether they are consistent with their ecological and geographic setting. To initially detect signs of
temporal variation in speciation rates, we obtained lineage-through-time (LTT) plots with ‗phytools
0.7.62‘ (Revell 2012) and compared them to a null distribution of 1,000 LTTs simulated under a purebirth process. We also calculated the γ statistic. Negative values of γ indicate that the internal nodes of
a phylogeny are closer to the root than expected under a pure-birth process (i.e., early burst or rate
decrease), while positive values indicate that internal nodes are closer to the tips (i.e. acceleration or
constant rates with extinction) (Pybus and Harvey 2000; Fordyce 2010). We performed a two-tailed
test of γ that accounts for incomplete sampling in our phylogeny as implemented in ‗phytools‘,
obtaining a null distribution of the statistic for 10,000 phylogenies simulated under a pure-birth
process from which some taxa are pruned to reflect the empirical sampling proportion (Monte Carlo
constant-rates test [MCCR]; Pybus and Harvey 2000). It should be noted that this approach cannot
distinguish between phylogenetically restricted and global changes in rates. Additionally, we
employed ‗RPANDA 1.7‘ (Morlon et al. 2011, 2016) and ‗DDD 4.4‘ (Etienne and Haegeman 2020)
to fit a total of 13 pure-birth, birth-death, and diversity dependent models through maximum
likelihood. We fitted these models to the best tree of each clade and a sample of 100 trees generated
using the ―swapONE‖ function of ‗RRphylo‘. These trees had 25% of tip positions and branch lengths
modified from the best tree, forcing nodes with PP > 0.95 to be monophyletic. We compared models
based on their sample-size-corrected AIC (AICc) and AICc weights (AICcw).
Finally, we inferred the predominant geographic mode of speciation for each endemic radiation.
Besides informing about the abiotic factors responsible for speciation, inferring the geographic mode
of speciation can shed light on the ecological and evolutionary processes that have been responsible
for diversification and community assemblage (Fitzpatrick et al. 2009; Stroud and Losos 2016; Skeels
11
This article is protected by copyright. All rights reserved.

and Cardillo 2019b). However, inferences based solely on present day species‘ distributions without
accounting for historical processes can be misleading (Warren et al. 2014). A recently developed
simulation-based inference approach accounts for uncertainty in historical geographic range evolution
by simulating geographic and phylogenetic patterns in continuous space with the dynamic range
evolution and diversification model (DREaD; Skeels and Cardillo 2019) from which model selection
can be performed using different model classification algorithms. Skeels and Cardillo (2019b)
generated 30 phylogenetic and biogeographic summary metrics from 35,731 simulations of the
DREaD model under different scenarios of environmental change, niche evolution, dispersal rate,
clade size, and five distinct geographic speciation scenarios with speciation being; (1) predominantly
vicariant, in which a species‘ geographic range is bisected, forming two new daughter species, (2)
predominantly sympatric, in which a new species forms within the parent species‘ geographic
distribution; (3) predominantly jump dispersal speciation, where a long-distance dispersal event
founds a new lineage isolated from the parent lineage (also known as founder-event speciation, and
not to be confused with founder-effect dynamics in population genetics and their role in speciation;
Matzke 2014); (4) predominantly parapatric, where a new lineage is founded adjacent to, or ‗budding‘
from the parent species; or (5) a scenario in which different modes are equally probable. We obtained
polygons depicting species distributions from Roll et al. (2017) and updated them to reflect current
knowledge on the distribution and taxonomy of varanids (available at
https://doi.org/10.5061/dryad.bnzs7h4c3). Then, following Skeels and Cardillo (2019b), we obtained
empirical values for the 14 most informative phylogenetic and geographic summary statistics and
used linear discriminant analysis (LDA) and two approximate Bayesian computation (ABC) methods
(i.e., multinomial logistic regression (mnL) and neural net (NN)) to estimate the most probable of the
five speciation scenarios in each endemic radiation based on the simulated dataset. We obtained the
posterior probability (PP) of each scenario which allowed us to interpret uncertainty and variation in
the estimates.

12
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Morphological evolution of Indo-Australasian radiations
To visualize differences in morphological diversity across the varanid phylogeny we plotted cladespecific boxplots of maximum SVL and performed principal component analysis (PCA) on the body
and head shape datasets. We overlaid the phylogeny on the PCA plots to frame morphological
variation in a phylogenetic context (Sidlauskas 2008). We also estimated the degree of ecological
diversity in varanids, using morphology as a proxy. In order to do this, we detected shifts towards
different adaptive optima in ‗l1ou 1.42‘ (Khabbazian et al. 2016). The method is based on the lasso
(Tibshirani and Taylor 2011) and an OU model of trait evolution. The approach does not require a
priori assumptions on the location of shifts and can handle multivariate data. We performed the
analyses on the SVL dataset and first PCs of each multivariate dataset accounting for 95% of
variation. Model selection was based on the phylogenetic‐aware information criterion (pBIC), which
is more conservative than other information criterions (Khabbazian et al. 2016).
To assess variation in the rates of morphological evolution we estimated branch-specific rates for each
morphological dataset in ‗RRphylo‘ (Castiglione et al. 2018). For all analyses of SVL, we considered
the same character as covariate so that larger rates are not misleadingly inferred for lineages with
larger body sizes (Castiglione et al. 2018). We first used the ―RRphylo‖ function, which estimates
branch specific rates of evolution and ancestral states for multivariate data based on phylogenetic
ridge regression (Castiglione et al. 2018). Then we employed the hypothesis-free implementation of
the ―search.shift‖ function to detect shifts in the rates of morphological evolution. We also used the
―search.shift‖ function to compare the background rates of morphological evolution with those of
each Indo-Australasian clade and all of them together. We used the ―overfitRR‖ function to evaluate
the sensitivity of both implementations of ―search.shift‖ to sampling and phylogenetic uncertainty.
This function tests the robustness of results by iteratively removing tips and rearranging them. We
13
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specified 100 tree-modification iterations, forcing nodes with PP > 0.95 to remain monophyletic,
removing 25% of tips, and modifying the position and age of 25% of tips and nodes, respectively.
To explore temporal trends of morphological disparity in the Australian, Malesian, and Papuan clades
we obtained a disparity-through-time (DTT) plot for each clade using ‗geiger 2.0.6.4‘ (Pennell et al.
2014). For each clade and morphological dataset, we specified Euclidean distance as disparity
measure. We tested whether DTT deviates from expectations under BM using the rank envelope test
(Murrell 2018), which compares the empirical DTT with 2,500 simulations under Brownian motion
(BM). Additionally, for each clade we calculated the morphological disparity index (MDI), which
indicates whether disparity is mainly driven by differences between (MDI < 0) or within (MDI > 0)
subclades, and assessed its significance by comparing it to values of MDI obtained from 1,000
simulations under BM (Harmon et al. 2003). Finally, we used a model fitting approach to characterize
the dynamics of morphological evolution in each of the three Indo-Australasian clades. We first fitted
multivariate models of trait evolution that account for measurement error/intraspecific variation to
each of our multivariate datasets in ‗RPANDA‘. We used the function ―fit_t_pl‖, which uses
penalized likelihood to overcome complications arising when the number of traits approaches or
exceeds the number of species (Clavel et al. 2019). We compared BM, Ornstein-Uhlenbeck (OU), and
early burst (EB) models, ranking them based on the generalized information criterion (GIC). We fitted
the multivariate models to the best tree and the sample of 100 trees obtained with ―swapONE‖ (see
above). The implementation of models that explicitly incorporate interspecific competition such as
linearly and exponentially diversity dependent models (DDl, DDe) and the matching competition
model (MC) (Drury et al. 2016) with the ―fit_t_comp‖ function of ‗RPANDA‘ is limited to univariate
data. Thus, we fitted these models to the SVL dataset and the first PC of each multivariate dataset. We
limited competition to species occurring in the same region based on 50 stochastic character maps
obtained from the results of the preferred ‗BioGeoBEARS‘ model. We compared the models

14
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incorporating competition against each other and against BM, OU, and EB models fitted in ‗geiger
2.0.6.4‘ (Pennell et al. 2014) based on their AICc and AICcw.

Incumbency effects
The large size of the Australian and Papuan clades compared to other varanid clades and the recurrent
connection between these two landmasses provide a suitable system to evaluate incumbency effects.
We investigated the potential impact of incumbent lineages on the diversification rates of immigrants
by fitting a series of island-assembly models using the R package ‗DAISIE 1.4‘ (Valente et al. 2015).
This framework uses the temporal accumulation of species from phylogenetic and island-age
information to estimate diversification parameters (speciation, extinction, immigration). For the
Australian and New Guinea monitor faunas, we started by identifying taxa as endemic (incumbent) or
non-endemic (immigrant), with the maximum possible immigration-time of immigrant taxa set as the
taxon‘s age. We designed and fit 35 models which estimated shared or split diversification rates for
incumbent and immigrant lineages, fixed some parameters to zero (extinction and immigrant
speciation), and estimated speciation and immigration rates as a function of diversity dependence
(linear or exponential). The specifics of all 35 models and our procedure can be found at
https://github.com/IanGBrennan/MonitorDiversification. The code used to perform the analyses is
available at https://doi.org/10.5281/zenodo.5580684. We fit each model in parallel 10 times using a
custom function (―search.surface.DAISIE‖) with random starting values for the necessary parameters
to avoid accepting suboptimal likelihoods. Parameter values for the best model fit were then used as
starting values to ensure that the optimization had converged on an appropriate result. We compared
models using AIC plus the Bayesian Information Criterion (BIC), as it has proved to be more
conservative and exhibit lower error rates in the comparison of ‗DAISIE‘ models (Valente et al.
2020).
15
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We also tested whether there is evidence for incumbency effects on the phenotype. We started by
visually comparing each immigrant species to the incumbent taxa with which it co-occurs in its
secondary range, as well as to close relatives of those incumbent taxa (Rowsey et al. 2019). We
employed boxplots for SVL and PCA plots for the multivariate datasets. Additionally, we compared
the empirical values of the disparity between the immigrant and incumbent species to a null
distribution of disparity values. For each morphological dataset, we calculated Euclidean distances
between each immigrant taxon and the species of the incumbent clade with which it co-occurs in the
immigrant taxa‘s secondary range. We used the mean of these distances (d) as test statistic. To obtain
a null distribution of d, we performed 1000 iterations where we calculated d for a sample of taxa
containing one species taken at random from the clade to which the immigrant taxon belongs and a
random sample of species from the incumbent clade, the number of species being equal to that with
which the immigrant taxon co-occurs. To obtain p, we calculated the proportion of simulated values
greater than or equal to the empirical value. Low p values would indicate that the immigrant and
incumbent taxa are more different to each other than expected by chance given the morphological
variation present in their respective clades, suggesting that biotic filtering is precluding ecologically
similar immigrants from becoming established (Gillespie 2004; Rowsey et al. 2019).

Results

Diversification of Indo-Australian radiations
Results of the diversification analyses are summarized in Table 1. ClaDS revealed substantial
variation in speciation rates across the varanid phylogeny (Fig. 2a, b). Th hypothesis-free
implementation of ―search.shift‖ suggests that rates are particularly high in a clade nested within the
16
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Papuan radiation—indicus group (p = 1)—and low in the Afro-Arabian (p = 0.001) and Australian
clades (p = 0.001). The guided implementation of ―search.shift‖ indicates that the rates of IndoAustralasian radiations are higher than background rates, both when compared individually and
together (Table S6). Means of the maximum a posteriori probability estimates of the speciation rates
for each group are as follows: Varanidae 0.26; Varanidae excluding Australian, Malesian, and Papuan
0.11; Australian, Malesian, and Papuan 0.3; Afro-Arabian 0.06; Australian 0.14; Malay 0.19;
Malesian 0.55; Melanesian 0.03; Oriental 0.22; Papuan 0.43; and Philippine 0.11.
The LTT plots show that, in general, lineages accumulated earlier than expected under a pure-birth
process in the Australian clade and later than expected in the Papuan clade (Fig. S4). The deviation is
clearer in the Australian radiation. In the Malesian clade there are more lineages than expected
roughly halfway through its evolutionary history. Similarly, the γ statistic indicates that internal nodes
are clustered towards the past in the Australian (γ = –1.7, p = 0.09) and Malesian clades (γ = –2.74, p
= 0.006), and towards the present in the Papuan clade (γ = 0.79, p = 0.32), but the test was only
significant for the Malesian clade. Models with diversity-dependent speciation rates were favored for
the Australian and Malesian clades, while a pure-birth model where speciation rates first decrease and
then increase towards the present best fit the Papuan clade (Fig. 3a; Tables S7–S9).
Model selection of the predominant geographic mode of speciation in each of the three clades using
the DREaD simulation model and three model classification algorithms (Fig. 3b; Table S10) suggest
that jump dispersal speciation is the most probable predominant mode of speciation in the Australian
clade, although the support was moderate (PP: LDA = 0.51, mnL = 0.49, and NN = 0.59). A mixed
mode of speciation also receives moderate support (PP: LDA = 0.31, mnL = 0.47, and NN = 0.16),
and a plot of the first two linear discriminant functions (LDs) (accounting for over 95% of variation)
shows that the clade falls where clusters of simulations performed under all different modes meet
(Fig. 3b). Vicariance is strongly supported as the predominant speciation mode in the Malesian clade
(PP: LDA = 0.99, mnL = 0.98, and NN = 0.88). In the case of the Papuan clade, jump dispersal
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speciation receives strong support based on LDA (PP: LDA = 0.99, mnL = 0.33, and NN = 0.48), but
a mixed mode is also moderately supported, particularly with mnL (PP: LDA = 0.004, mnL = 0.59,
and NN = 0.29), and the first two LDs are intermediate between the clusters simulated under the jump
dispersal and vicariant modes (Fig. 3b). We visualized the support for each scenario in each of the
three radiations in two-dimensional space based on the LDA classifier (Fig. 3b).

Morphological evolution of Indo-Australian radiations
Results of the morphological analyses are summarized in Table 2. The boxplots and PCA plots show
that, in general, the most morphologically diverse clade is the Australian clade (Fig. 4a). All ‗l1ou‘
analyses detected adaptive shifts in the phenotype (Fig. 4b). For all datasets except dorsal-head, the
Australian radiation showed a higher number of shifts than other clades.
Rates of morphological evolution inferred by ‗RRphylo‘ are heterogeneous (Fig. 2c, d). The unguided
approach detected a positive shift in SVL for the Malesian clade (p = 0.995); positive shifts within the
Papuan clade, specifically in the clade containing V. jobiensis and its sister group, in all datasets
except for SVL (p = 1 in all datasets); and negative shifts in the Australian clade, specifically in the
ancestral node of the whole clade for SVL (p = 0.001) and among a clade containing large-bodied
species for the other datasets (p = 0.002 in body dataset, p = 0.001 in other datasets). The approach
testing for differences between background rates and those of the Indo-Australian clades revealed
several instances in which rates of morphological evolution were significantly higher in the Malesian
and Papuan clades, while rates were significantly lower for SVL in the Australian clade (Table S6).
The location of the shifts identified through the free and directed approaches was moderately robust to
sampling and phylogenetic uncertainty (Fig. 2c).
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The rank envelope test detected significant deviation from BM in the head shape datasets for the
Australian clade and in all datasets for the Papuan clade (Fig. S5; Table S11). The MDI of the SVL
dataset was significant in the Australian clade (negative MDI), the dorsal-head dataset in all clades
(positive MDI), and the lateral head dataset in the Papuan clade (positive MDI) (Table S12). The
multivariate analyses favor an EB model for all datasets in the Papuan clade and the lateral-head
dataset in the Australian clade (Fig. 3c; Tables S13–S14). The univariate analyses (Tables S15–S16)
support a positive exponential relationship between rates and diversity for SVL in the Papuan clade. A
negative exponential relationship was supported for SVL in the Australian clade and body shape in
the Papuan clade. A negative linear relationship was supported for lateral head shape in the Australian
clade (Fig. 3d). BM was favored across all multivariate and univariate analyses for the Malesian
clade. Some of these results were sensitive to uncertainty in phylogenetic and biogeographic
reconstruction (Fig. 3c, d).

Incumbency effects
The best fitting ‗DAISIE‘ model when the Australian clade is the incumbent lineage and Papuan taxa
are immigrant lineages was a model where immigrant speciation rates equal zero and there is linear
diversity dependence of speciation rates in the incumbent clade and immigration rates (Fig. 5a; Tables
S17–S18). In general, the best ranked models incorporate diversity dependence in incumbent
speciation rates and null speciation in immigrants. The carrying capacity estimated by the best model
is 36.32, close to the 31 species in the Australian clade. The best model when the Papuan clade is
incumbent is one where the speciation rates of Australian immigrants equal zero and there is no
diversity dependence in the rates of incumbent speciation and immigration. In all the top ranked
models immigrant speciation rates equal zero.
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The boxplots and PCA plots show that immigrant taxa usually have phenotypes outside or at the
margins of the range of variation present in the incumbent taxa with which the immigrants are
sympatric (Fig. 5b). However, neither of the tests evaluating whether observed morphological
distances between immigrants and incumbents are higher than between randomly chosen members of
each clade is significant (Table 3). In other words, immigrants are usually morphologically different
from sympatric incumbents, but the degree of differentiation is not exceptional compared with the
baseline disparity between the Australian and Papuan clades. Instead, our tests suggest that some
immigrants and incumbents are more similar to each other than random members of their respective
clades (Table 3).

Discussion

Here we compared the diversification dynamics of three speciose radiations in the Indo-Australasian
region and tested for incumbency effects in the biotic exchange between two major landmasses in the
region, Australia and New Guinea. Our results highlight how geographic setting and interspecific
interactions act together to shape and sort biodiversity.

Diversity patterns in Varanidae
The three most speciose clades have their origin and highest diversity in Australia (Australian clade),
the Philippines (Malesian clade), and New Guinea (Papuan clade) (Fig. 1). The Afro-Arabian clade
and its sister group which is mainly distributed in Indo-Australasia have roughly the same age and yet
diversity is much higher in the latter (Fig. 1). Groups such as elapid snakes (Keogh 1998) and pythons
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(Esquerré et al. 2020) also show greater richness and ecomorphological diversity in Indo-Australasia
(particularly Australasia) than elsewhere, presumably due to ecological opportunity associated with
the colonization of the region. Rates of speciation are particularly high in the Malesian and Papuan
clades (Fig. 2a, b), congruent with previous work showing increased speciation rates in insular
varanids (Zhu et al. 2020). The unguided approach used to search for rate shifts detected a positive
shift in the indicus group, which has colonized numerous islands in the Pacific (Weijola et al. 2019).
The importance of island colonization for varanid diversification is also reflected by the support for
jump dispersal as a predominant mode of speciation in our biogeographic (Supporting Information)
and DREaD analyses (Fig. 3b). Varanids are more morphologically diverse and have apparently
explored more adaptive regimes in the Indo-Australasian region, particularly in Australia (Fig. 4).
However, rates of morphological evolution in the Australian clade are closer to background rates and
a negative shift was even detected for SVL, while rate acceleration was detected in the Malesian and
Papuan clades (Fig. 2c, d). This suggests that diversification in Indo-Australasia has been
heterogeneous.
Heterogeneity in rates of diversification and morphological evolution is likely pervasive in taxa that
are widespread and show significant variation in morphology, ecology, and/or life history (e.g., Jetz et
al. 2012; Siqueira et al. 2020). Thus, models that allow diversification rates to vary substantially along
phylogenies, such as the ones implemented here with ClaDS and ‗RRphylo‘, may more accurately
portrait evolutionary histories than models assuming constant rates or a few shifts (Maliet et al. 2019).
To summarize, varanid diversity is higher in Indo-Australasia, but our results suggest that
idiosyncratic processes have shaped diversity in the clades that occur there. This is inconsistent with a
scenario where increased ecological opportunity in the region is the main driver of diversification.
Instead, we propose that the evolutionary history of each clade has been mainly driven by the
interplay between geographic context, interspecific competition, and clade age.
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Diversification of Indo-Australasian radiations
The Australian clade is the oldest and most species rich among the three compared clades, and also
shows remarkable ecomorphological diversity. The smallest (V. sparnus) and largest (V.
komodoensis) varanids are part of this clade. Furthermore, species in the Australian clade use their
habitat in all the ways shown by other clades (arboreal, semiaquatic, and terrestrial) plus some novel
ones, such as dwarf and short-limbed monitors that shelter in the base of Triodia grass clumps, spikytailed species that inhabit rock crevices, and lizards with long tails and limbs that vertically navigate
rocky escarpments (Pianka and King 2004). This and some of our analyses suggest that the Australian
clade could represent a continental adaptive radiation that reached equilibrium following ecological
opportunity. The favored ‗DDD‘ and ‗DAISIE‘ models support a density dependent diversification
process, and the diversity of the Australian clade (31) is close to the estimated carrying capacity
(30.66 and 36.32, respectively). This is accompanied by a negative MDI in SVL, support for an EB
model when analyzing body and lateral head shape through the multivariate approach using the best
tree, and support for diversity dependent models in some of the univariate analyses. Furthermore, we
detected more adaptive shifts in this clade than in any other. Ecological opportunity may have arisen
after release from competition, following the colonization of a region with few large diurnal predators
compared to Africa and the Asian mainland. This may have also allowed Odatria to become
miniaturized and diversify due to the reduced predation pressure (Sweet and Pianka 2007; Brennan et
al. 2021).
Jump dispersal speciation had the highest posterior probability across model selection methods in the
DREaD analyses of the Australian clade. Australia is the flattest continent and has remained relatively
tectonically stable (Blewett 2012). This means that classic processes that promote vicariance such as
mountain uplift and island formation have not been as prevalent as in other regions. Instead, it seems
like increased Miocene aridification has played a major role in the diversification of the Australian
biota (Byrne et al. 2008, 2011; Brennan and Keogh 2018), and most speciation events in Australian
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varanids occurred in this period (Fig. 1). Habitat expansions and contractions coupled with jump
dispersal aided by the relatively high vagility of monitor lizards probably explain biogeographic
patterns of Australian monitors. Jump dispersal is apparently an important mode of speciation in
adaptive radiations such as lemurs, diprotodont marsupials, and Liolaemus lizards (Skeels and
Cardillo 2019b). High dispersal abilities could predispose taxa to adaptive radiation by colonization,
allowing them to reach new regions, expand their range there becoming locally adapted, and coming
back into secondary contact promoting character displacement and/or adaptive hybridization
(Lamichhaney et al. 2015; Meier et al. 2017; Taylor and Larson 2019). However, jump dispersal
speciation could be widespread in vertebrates, regardless of their status as adaptive radiations (Skeels
and Cardillo 2019b). Furthermore, high vagility can prevent speciation by facilitating population
homogenization through gene flow. Finally, the mixed model where all speciation modes are equally
important was also strongly supported (Fig. 3b). More research is needed to understand how
speciation occurs during adaptive radiation (Stroud and Losos 2016; Martin et al. 2015).
While there is evidence for the recognition of the Australian clade as an adaptive radiation, conflict
and uncertainty in our results should be acknowledged. Rapid speciation following ecological
opportunity is commonly considered a trademark of adaptive radiation (Schluter 2000), but rates of
the Australian radiation are not exceptionally high. In the unguided approach, where the Papuan and
Malesian clade are included in rate comparisons, the rates of the Australian clade were found to be
significantly low. Additionally, negative shifts in morphological rates were detected, a positive MDI
was calculated for the dorsal-head dataset, and support for early burst or models that incorporate
competition is not unanimous across morphological datasets and is sensitive to uncertainty and
analytical approach (Table 2). The slower rates of the Australian radiation compared to the Malesian
and Papuan clades could reflect its continental setting, which is expected to be more stable than
insular systems. Geographic context and comparisons with closely related taxa must be considered for
the identification of adaptive radiations (Bromham and Woolfit 2004; Poe et al. 2018). It has been
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repeatedly shown that classical examples of adaptive radiation such as the Galapagos finches and
Caribbean anoles do not show clear acceleration in speciation rates (Burns et al. 2014; Givnish 2015;
Poe et al. 2018). This reveals the need to reevaluate the processes behind the exceptional diversity of
putative adaptive radiations or reconsider whether rate acceleration should be considered as one of
their defining traits (Givnish 2015; Poe et al. 2018).
The Malesian and Papuan radiations show particularly high rates of speciation and morphological
evolution. However, they are morphologically and ecologically less diverse than the Australian clade
(Fig. 4). This could reflect the older age of the Australian radiation compared to the Papuan clade and
specially the Malesian clade, more stringent ecological limits in the regions where the latter clades
occur than in Australia, or be a consequence of the inverse time-scaling of rates of speciation and
morphological evolution (Rabosky 2009; Harmon et al. 2010).
The Malesian clade appears to have diversified rapidly in the Pleistocene, mainly through vicariance
(Fig. 3b), with limited ecomorphological differentiation. All members of the Malesian clade are large
semiaquatic lizards, only differing slightly in habitat preferences. This is likely reflected by the
preference for BM models of morphological evolution. There is strong support for a diversity
dependent model of lineage diversification, which could reflect the limited capacity of the Philippine
archipelago to host large and ecologically similar predatory lizards. Most species occur in the
Philippine archipelago (Fig. 1), where sea level fluctuations resulted in the formation and dissolution
of what have been called Pleistocene Aggregate Island Complexes (PAICs) (Brown and Diesmos
2002). Welton et al. (2014) proposed that divergence times indicate a possible role for sea level
fluctuations in the dispersal and diversification of the Malesian clade. However, the biogeographic
relevance of PAICs has been recently questioned, as environmental barriers within PAICs and current
island geography seem to be more important drivers of divergence in several taxa (Esselstyn and
Brown 2009; Siler et al. 2010; Brown et al. 2013; Hosner et al. 2014). A well-resolved phylogeny of
the Malesian clade seems necessary to shed light on its biogeographic history.
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An early divergence in the Papuan clade separates the highly arboreal Hapturosaurus from the more
generalist Euprepiosaurus. Ecological differences within these subgenera are less pronounced (Pianka
and King 2004). This could explain why the EB model, which is traditionally considered to indicate
radiation following ecological opportunity, is favored in the multivariate morphological analyses.
However, colonization of the Papuan region by this clade predates significant diversification (Figs. 1,
S3) and most of our results suggest that rates of speciation and morphological evolution have
increased towards the present. Part of it could be explained geographically. For a long time, large
portions of northern New Guinea existed as island arcs, only forming a significant landmass between
12 and 5 Ma (Hill and Hall 2003; van Ufford and Cloos 2005). Thus, increased diversification rates
towards the present in the Papuan clade could indicate that, while conditions for colonization and
persistence existed in proto-Papua, significant diversification was only possible closer to the present
as land area increased. The insular nature of proto-Papua and its present-day surrounding islands is
probably also reflected by the support for jump dispersal as the predominant mode of speciation by
LDA. However, the other methods moderately support a mixed model, possibly reflecting the
speciation events that occurred following the accretion of New Guinea. As noted by Weijola et al.
(2019), other New Guinean and Melanesian groups are deeply divergent from their sister taxa but
their crown age is young, such as Tribolonotus skinks (Rittmeyer and Austin 2015). These
observations are also consistent with a scenario of high extinction in ancient Melanesian island arcs,
and supported by the presence of old but monospecific lineages such as the Solomons frogmouth
Rigidipenna inexpectata (Oliver et al. 2020), Solomon Islands skink Corucia zebrata (Skinner et al.
2011; Weijola et al. 2019), and V. spinulosus. Increased rates towards the present in the Papuan clade
could also be a result of the rapid speciation in the indicus group (Fig. 2), which has been
accompanied by moderate morphological (Fig. 4) and ecological differentiation. There are several
instances of sympatry in the Papuan clade, and the sympatric species usually differ in ecology and
microhabitat preferences (Weijola 2010; Weijola et al. 2019). Overall, our results suggest that the
Papuan clade could represent a radiation that has not reached equilibrium and that has been shaped by
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a combination of ecological opportunity following the colonization of the Papuan region, tectonics,
and competition. This is further indicated by our ‗DAISIE‘ analyses, which indicate a much higher
carrying capacity for the Papuan clade than currently observed. Thus, the clade could represent a good
model to study the non-equilibrium early stages of radiation.

Incumbency effects in Varanidae
Our results show mixed support for incumbency effects in the biotic exchange between Australia and
New Guinea. Speciation of immigrants is practically null. It may be argued that this is simply because
of their recent immigration, but then it is unclear why there are no old immigrants except for V.
salvadorii (available infraspecific sampling suggests that the secondary colonization by taxa present
in both regions has been recent; Weijola et al. 2019; Brennan et al. 2021). This could indicate that
extinction in the immigrant clades has been high, possibly because they fail to diversify in their
secondary range as a consequence of niche saturation by the incumbent taxa. Incumbency effects are
stronger in Australia, where there is diversity dependence on the speciation of the incumbent clade
and immigration. ‗DAISIE‘ further suggests that the carrying capacity has almost been reached, and
that could explain the failure of the immigrants to speciate, the diversity dependence on immigration
rates, and the occupation of fringe habitats by the immigrants. V. chlorostigma mostly inhabits the
coastal margin of northern Australia, while V. doreanus and V. keithhornei inhabit narrow coastal
strips of rainforest in north-eastern Australia. The best model did not include diversity dependence in
New Guinea, but the geography of New Guinea coupled with the recent colonization by Australian
immigrants could explain their failure to diversify. The Central Range of New Guinea is an important
barrier for lowland taxa (Tallowin et al. 2018) and only the oldest immigrant (V. salvadorii) is present
north of it. It may be that southern New Guinea has already reached its current carrying capacity,

26
This article is protected by copyright. All rights reserved.

especially considering that competition may be increased by the sympatry of all Australian
immigrants in that region.
Visualization of morphological variation hinted that biotic filtering could be playing a role in the
geographic sorting of morphological variation. However, our randomization test indicated that
immigrants are not more different from incumbents than random members of both clades. Instead, in
some cases they are more similar than expected, i.e. sympatric immigrants and incumbents share
similar adaptations. This suggests that abiotic filtering governed by environmental conditions could
have played a major role in dictating which species colonize which regions. Different vegetation types
dominate northern Australia and southern New Guinea: tropical savannas are widespread in northern
Australia, while tropical rainforest is mostly confined to a narrow strip in the eastern portion of the
continent (Bowman 2000; Bowman et al. 2010); in New Guinea, savannas are mostly confined to the
south-central Trans-Fly region, while most of southern New Guinea is covered by rainforest
(Paijmans 1976; Joseph et al. 2019). These differences in habitat may be limiting colonization. On
one hand, each varanid immigrant occupies similar habitats in Australia and New Guinea. On the
other hand, some New Guinean varanids that are closely associated with rainforest are absent in
mainland Australia, such as V. jobiensis and V. prasinus (but see Koch and Eidenmüller 2019), and
several Australian savanna species do not occur in New Guinea, such as V. mertensi and V.
primordius.
Our results are consistent with a scenario in which abiotic filtering determines which taxa become
established, assuming a baseline phenotypic difference between incumbent and immigrant taxa.
Subsequently, immigrants fail to diversify and expand their range because of their morphological
similarity with incumbents and niche occupation by the latter. This would make immigrants
vulnerable to extinction and cause the overrepresentation of recent immigrations with respect to
ancient ones. Our study aligns with what appears to be an emerging consensus: incumbency can have
evolutionary consequences, but its effects on speciation and morphology are decoupled and its impact
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can be eclipsed by that of other evolutionary processes (Schenk et al. 2013; Rowsey et al. 2019, 2020;
Reijenga et al. 2021).
Incumbency effects may have shaped other varanid communities, e.g. the Malesian-Philippine and
Malay-Oriental communities. The crown age of the Philippine clade is younger than that of the
Malesian clade and crown ages are usually better indicators of colonization times than stem ages
(García-Verdugo et al. 2019). Thus, the members of the Philippine clade are likely secondary
colonizers. Interestingly, the Philippine clade has only three species despite its old stem age, and they
are exceptional among varanids for their mainly frugivorous diet accompanied by unique adaptations
such as blunt teeth and a large caecum (Gaulke 2010). The Philippine clade could have been pushed
into this unique niche by competition with the Malesian clade. Conversely, the Malay lineage (V.
rudicollis) is also relatively old and has failed to diversify, perhaps by competition with the Oriental
clade and/or the diverse mammalian carnivores of mainland southeast Asia. Same as the Philippine
lineage, V. rudicollis shows a unique morphology. It has slit nares and a bulbous and long snout (Figs.
1, 4a) that apparently help it forage among decaying plant matter (Bennet 2004). The Philippine and
Malay lineages occupy different regions of morphospace with respect to the Malesian and Oriental
clades (Fig. 4a), respectively, but the low number of species in most of these lineages prevented us
from conducting any formal tests.

Caveats
Conflicting signal between our analyses could potentially reflect methodological shortcomings. Some
of our results were sensitive to sampling and uncertainty in the phylogenetic and biogeographic
reconstruction. The size of the analyzed clades may also bias analyses based on model fitting,
particularly those concerning the Malesian radiation. Additionally, rate slowdowns inferred from
extant-only phylogenies should not be directly interpreted as evidence for adaptive radiation
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following ecological opportunity. There are alternative explanations for the rate slowdowns
characteristic of early burst models (Rabosky and Lovette 2008; Aristide and Morlon 2019), such as
protracted speciation (Etienne and Rosindell, 2012), decreasing chances for vicariance as ranges
become smaller with each speciation event (Pigot et al. 2010), correlation of speciation with a
temporally variable abiotic factor (Condamine et al. 2019), and increased extinction (Moen and
Morlon 2014). Additionally, ecological, developmental, or genetic constraints can lead to the timescaling of the rates of speciation and morphological evolution (Foote 1994; Rabosky 2009; Harmon et
al. 2010; Rabosky et al. 2013). Several approaches that we employed attempt to overcome some of
these shortcomings by integrating proxies for competition into parameter estimation.
Finally, there is a more general deficiency related to how informative the phylogenies of extant
species are about diversification dynamics (Liow et al. 2010; Rabosky and Hurblert 2015; Marshall
2017). This is a consequence of identifiability issues (Louca and Pennell 2020)—meaning that any
given tree is consistent with numerous diversification scenarios (Louca and Pennell 2020)—and
problems arising from the exclusion of fossil taxa (Quental and Marshall 2010; Marshall 2017). Some
of the approaches employed here, such as accounting for phylogenetic uncertainty and the
employment of the ClaDS2 model (which bounds parameter estimation based on a set of biologically
realistic priors), only partially overcome these issues (Morlon et al. 2020). Ultimately, the data itself
(i.e., the geographic and phylogenetic sorting of richness and morphological diversity) and analyses
with few assumptions (such as our test of incumbency effects on morphology) are indicative of the
relevance of biotic and abiotic factors in the evolution of varanids.

Conclusions
Rates of diversification and morphological evolution are not homogeneous in Varanidae. Three clades
have reached remarkable diversity in Indo-Australasia, but in a way that is not consistent with a single
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main driver (such as ecological opportunity) acting across the region. Instead, heterogeneity in
geography and community composition throughout Indo-Australasia has given rise to radiations that
differ in age, richness, and ecomorphological diversity, providing unique insight into the processes
responsible for the generation and sorting of biodiversity. Our results show that interspecific
interactions can have evolutionary consequences, highlighting the need for the development of
methods and conceptual frameworks linking evolutionary processes with the insight obtained from
direct observations in ecological timescales (Harmon et al. 2019).
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Figure 1. Phylogeny and biogeography of Varanidae. The tree is a time-calibrated phylogeny, where
subgenera are indicated at nodes and main geographic clades are indicated by the colored bars on the
right. Maps depict the distribution of main geographic clades. The dotted line delineates the
distribution of the Malesian clade excluding Varanus salvator. Representatives of each clade are
illustrated.
Figure 2. Diversification rate heterogeneity in Varanidae. a) Branch-specific speciation rates under
the ClaDS2 model. Shifts identified through an unguided approach are represented by circles (red =
positive; green = negative). b) Ridgeline plots of branch-specific speciation rates. c) Branch-specific
rates of morphological evolution. Shifts identified through an unguided approach are represented by
circles (red = positive; green = negative). Numbers next to circles indicate the proportion of trees with
modified relationships, branch lengths, and taxon sampling in which these shifts were recovered. d)
Ridgeline plots of branch-specific rates of morphological evolution.
Figure 3. Tempo and mode of diversification in Indo-Australasian varanids. a) Mean and standard
deviation of the AICcw of 13 diversification models evaluated for a sample of 100 trees (horizontal
bars) and the best tree (stacked vertical bars) (B = speciation, D = extinction, c = constant, l = linear
time dependence, e = exponential time dependence, dl = linear diversity dependence, de = exponential
diversity dependence). The model with the largest AICcw is indicated in parentheses. b) Geographic
mode of speciation. Boxes delineate the results for each clade shown in the legend. Barplots show the
posterior probability for each of five speciation scenarios (vicariance, jump dispersal, parapatric,
sympatric, and mixed modes) obtained from predictions based on data simulated under the dynamic
range evolution and diversification (DREaD) model using three different model classification
algorithms; linear discriminant analysis (LDA; left), multinomial logistic regression (middle), and
neural net (right). The plot on the right shows the first two discriminant functions obtained from the
LDA of empirical summary statistics and those obtained from simulations under the five speciation
scenarios. The 95% confidence ellipses are shown for each scenario. c) Proportion of trees (among a
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sample of 100) supporting each of three models fitted using ―fit_t_pl‖. For each clade, results are
presented for body shape (left), dorsal head shape (middle), and lateral head shape (right). d) Mean
and standard deviation of the AICcw of 6 evolutionary models evaluated for a sample of 50
biogeographic stochastic maps. For each multivariate dataset, analyses were based on PC1. Inner bars
indicate the geographic clades. Grey lines indicate 0.2 increases in the AICcw from 0 to 1.
Figure 4. Morphological variation in Varanidae. a) Variation by clade. In the PCA plots, the
phylogeny is represented by the grey lines, convex hulls are shown for each geographic clade
(outlines), and phenotypic extremes for PC1 are illustrated by silhouettes and deformation grids. b)
Adaptive shifts identified by ‗l1ou‘. Each selective regime is represented by a different color.
Figure 5. Incumbency effects in the exchange of varanid species between Australia and New Guinea.
a) BIC weights (BICw) for different models evaluated in ‗DAISIE‘ (B1 = Birth-death model with
speciation in incumbent clade and no speciation in immigrants; B2 = Birth-death model with separate
speciation rates for incumbents and immigrants; B2D2 = Birth-death model with separate speciation
and extinction rates for incumbents and immigrants; D2 = Birth-death model with separate extinction
rates for incumbents and immigrants; PB = Pure-birth model with equal speciation rates in
incumbents and immigrants; SR = Birth-death model with equal speciation and extinction rates in
incumbents and immigrants; DDe = exponential diversity dependence; DDl linear diversity
dependence; iB0 = no speciation in immigrants; 1= linear diversity dependence in speciation rate; 2=
exponential diversity dependence in speciation rate; 11 = linear diversity dependence in speciation
and immigration rates; 21 = exponential diversity dependence in speciation and immigration rates). b)
Comparison of the phenotype of secondary colonizers and the species in the incumbent clade with
which they are sympatric. Boxplots (SVL) and convex hulls (other datasets) are shown for each
incumbent community.
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Table Headers

Table 1. Summary of lineage diversification analyses. Results that were not significant are indicated
by ―n.s.‖. ―Bl‖ indicates a pure-birth model with linear time dependence, ―Bdl‖ a pure-birth model
with linear diversity dependence, and ―Bdl_Dc‖ a birth-death model with linear time dependence of
birth rates and constant extinction rates.
Table 2. Summary of morphological diversification analyses. Results that were not significant are
indicated by ―n.s.‖. ―BM‖ indicates Brownian motion, ―EB‖ early burst, ―OU‖ Ornstein-Uhlenbeck,
―DDl‖ linear diversity dependence, and ―DDe‖ exponential diversity dependence.
Table 3. Proportion of simulated values of d greater than or equal to the empirical value. Large values
indicate that immigrants and incumbents are more similar to each other than random members of their
respective clades. Significant p values are shown in bold (considering a one-tailed test with a
significance level of 0.05).
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Immigrant
V. chlorostigma
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